Classical swine fever virus (CSFV) is the causative agent of classical swine fever (CSF), 17 which is a highly contagious disease of the domestic pig as well as wild boar. The proteins E rns , 18 E1, and E2 are components of the viral envelope membrane. They are also implicated in virus 19 attachment and entry, replication, and/or anti-immune response. Here, we studied the genetic 20 variations of these envelope proteins in the evolution of CSFV. The results reveal that the 21 envelope proteins underwent different evolutionary fates. In E rns and E1, but not E2, a number 22 of amino acid sites experienced functional divergence. Furthermore, the diversification in E rns 23 and E1 were generally episodic because the divergence-related changes of E1 have only occurred 24 with the split between two major groups of CSFV and that of E rns have taken place with the 25 division of one major group. The major divergence-related sites of E rns are located on one of 26 the substrate-binding regions of RNase domain and C-terminal extension. These functional 27 domains have been reported to block activation of the innate immune system and attachment and 28 entry into host cells, respectively. Our results might shed some light on the divergent roles of 29 the envelope proteins. 30 31 32 33 34 35 36 37 Page 2 of 30 https://mc06.manuscriptcentral.com/cjm-pubs Canadian Journal of Microbiology 3 Keywords: 38 39 Classical swine fever virus, 40 Envelope proteins, 41 Adaptive diversification, 42 Different patterns. 43 44 Page 3 of 30 https://mc06.manuscriptcentral.com/cjm-pubs Canadian Journal of Microbiology 65 CSFV possesses a single-stranded, positive-sense RNA genome. The viral genome contains 66 two untranslated regions (UTRs) at the 5' and 3' ends, and an open reading frame (ORF). The 67 Page 4 of 30 https://mc06.manuscriptcentral.com/cjm-pubs Canadian Journal of Microbiology It is noteworthy that, although the phylogenetic splits of CSFV into groups and subgroups are 87 well supported, the genetic diversification patterns of the envelope proteins during these 88 segregation processes are not yet known. In this study, we analyzed the genetic variation of all 89 envelope proteins in the evolution of CSFV. Our results might give some insights into the 90 Page 5 of 30 https://mc06.manuscriptcentral.com/cjm-pubs Canadian Journal of Microbiology 92 93 94 Materials and methods 95 96
Classical swine fever virus (CSFV) is the pathogen that causes a highly infectious disease of 49 pigs and outbreaks of classical swine fever (CSF) in domestic pigs resulted in devastating losses 50 to the pig industry (Edwards et al. 2000; Meuwissen et al. 1999; Vandeputte and Chappuis 1999) . 51 Field CSFV strains show different degrees of virulence, resulting in clinical signs with different 52 levels of severity (Artois et al. 2002; Kaden et al. 2000; Leifer et al. 2013; Moennig et al. 2003) . 53 Highly virulent field strains generally cause an acute hemorrhagic fever with nearly 100% 54 mortality. High body temperature is often the first clinical trials, which is followed by 55 respiratory, gastrointestinal and neurological symptoms. The terminal stage is characterized by 56 skin haemorrhages and skin cyanosis on the tips of extremities (ears, tail, and vulva) . 57 Low-virulent and moderately virulent strains can give rise to sub-acute or chronic infections 58 prior to death. 59 CSFV belongs to the genus Pestivirus of the family Flaviviridae with the closely related 60 viruses Bovine viral diarrhoea virus genotypes 1 (BVDV-1) and 2 (BVDV-2), and Border disease 61 virus (BDV) (Van Regenmortel et al. 2001) . Based on genetic diversity, CSFV strains could be 62 segregated into two major groups (1 and 2) and a rare group (3) (Lowings et al. 1996; Postel et al. 63 2012). Furthermore, clear segregation of subgroups can be observed within the major group 2 64 (Postel et al. 2012) .
D r a f t 5 ORF encodes a polyprotein, which is further co-and post-translationally processed into 12 68 mature polypeptides by viral and host cell proteases (reviewed in (Meyers and Thiel 1996) ). 69 These proteins comprise four structural proteins (capsid protein C and three envelope proteins 70 E rns , E1, and E2) and eight nonstructural proteins (Npro, P7, NS2, NS3, NS4A, NS4B, NS5A, 71 and NS5B). 72 The proteins E rns , E1, and E2 are parts of the viral envelope membrane of CSFV (Rumenapf et 73 al. 1993) . The protein E rns has a RNase domain which is characterized by two nucleotide 74 binding sites N1 and N2 (Krey et al. 2012) , and a C-terminal extension (Aberle et al. 2014; 75 Langedijk 2002). E1 and E2 are type I transmembrane proteins with an N-terminal ectodomain 76 and a C-terminal hydrophobic anchor (Thiel et al. 1991) . 77 The envelope proteins are involved in the formation of infectious virus particles, viral 78 attachment and entry, and replication (Hulst and Moormann 1997; Rumenapf et al. 1993; Wang 79 et al. 2004 ). E rns is cytotoxic for lymphocytes and not for epithelial cells (Bruschke et al. 1997; 80 Magkouras et al. 2008; van der Molen and van Oirschot 1981; von Freyburg et al. 2004) . In 81 addition, E rns possesses ribonuclease activity (Hulst et al. 1994; Langedijk et al. 2002 (Gu 2001; Gu et al. 2013) . The null hypothesis is θ = 0, which means 140 absence of functional divergence between clades. For the observed coefficient θ I , a rejection of 141 the null hypothesis implies the alteration of functional constrain which results from the 142 functional divergence. For θ II , a deviation from the null hypothesis indicates that a remarkable 143 shift of amino acid physiochemical properties is likely to have occurred between these clades. 144 Furthermore, the posterior probability is used to predict the amino acid residues that could be 145 responsible for these functional differences (Gu 2006) . To identify the evolutionary profiles of the envelope proteins used in present study, we 152 reconstructed their nucleotide trees using the maximum likelihood method. The clustering 153 structures of three envelop proteins are generally similar. For each protein, the obtained 154 nucleotide tree comprises two major groups and one minor group (Fig. 1, 2 , and 3). The 155 division among these groups is well supported (bootstrap values ≥ 90 %) but the position of the 156 minor group is variable. Because the clustering structures are totally consistent with that found D r a f t 9 contain most of the available viruses (20 and 48 strains respectively), and minor group 3 is 160 represented by only two strains. Since few group 3 sequences could be retrieved (Postel et al. 161 2012), further analyses were performed for the two major groups only. For each envelope 162 protein, the group 2 comprises three well supported subgroups (subgroups 2.1, 2.2, and 2.3) 163 although the location of 2.2 is variable ( Fig. 1, 2, and 3) , which is generally consistent with 164 previously obtained results (Lowings et al. 1996) . These subgroups comprise 18, 5, and 25 165 sequences, respectively ( Fig. 1 ).
167
Inter-group adaptive diversity between major groups of E1 but not between those of E rns 168 and E2 169 The clear genetic division of envelop proteins between the group 1 and group 2 raised 170 question about the underlying driving forces during this evolutionary process. Using the MK 171 test with the coding sequences of each envelope protein, we detected the occurrence of adaptive 172 divergence with the split of the groups from their common ancestor. For each protein, a Fisher's 173 exact test of independence showed that the ratio of replacement versus fixed synonymous 174 differences was not significantly greater than that of replacement versus synonymous 175 polymorphisms ( Table 1 ). These results showed that no adaptive divergence took place on the 176 envelope proteins in the dividing process of the CSFV progenitor into groups. 177 It has been widely accepted that the adaptive diversity typically occurs at few sites, as most 178 amino acids in a protein are under functional constraints (LI 1997) . It is also known that the 179 changes of amino acid physiochemical properties at critical sites could contribute to the 180 diversification associated with different environmental challenges (LI 1983; Nei 1987) . Hence, 181 we have examined the divergence between the group 1 and group 2 envelope proteins at D r a f t 10 individual sites. We first implemented the method Gu-2006 in DIVERGE 3 (see Materials and 183 methods) (Gu 2006; Gu et al. 2013) to calculate the coefficient of type II functional divergence 184 (θ II ) on each protein dataset between two groups (Table 2) . For each envelope protein, no θ II 185 value is larger than 0 with a significant probability. Furthermore, the site-specific scores based 186 on the posterior probability ratio showed that no site is related to the functional divergence with a 187 probability over 0.90 (Table 2) . 188 For type I functional divergence (see Materials and methods) (Gu 1999; Gu et al. 2013) , 189 however, the envelope proteins present different characteristics. The site-specific score 190 suggested that a site (80) of E1 is related to the functional divergence with significant probability 191 (P ≥ 0.95), and two sites (83 and 175) exhibit a deviation from the neutral mutation hypothesis in 192 favor of functional divergence with marginal significance (0.95 > P ≥ 0.90) ( Table 2 ). The 193 amino acids at these type-I divergence-related sites harbor high level of polymorphisms within 194 one of major group, but were conserved within another one (Table S2 ). These results implied 195 that the amino acids at these sites experienced functional divergence with the split of group 1 and 196 group 2 from their common ancestor. For E rns and E2, in contrast, no site has been subjected to 197 functional divergence although Z-score test and LRT indicated that type I functional divergence 198 θ I is larger than 0 with ≥ 0.90 probability.
D r a f t 11 whether such division might be relevant to adaptive evolution (Gu 2006; Gu et al. 2013; 206 McDonald and Kreitman 1991). Since only five sequences of subgroup 2.2 are available to 207 date, which tends to falsely estimate the variations (LI 1997), the evolutionary analyses were 208 only performed with the subgroups 2.1 and 2.3 sequences of each candidate protein. 209 Interestingly, for the subgroups 2.1 and 2.3 E rns coding sequences, the result of MK test 210 indicated that the ratio of fixed amino acid replacement versus fixed synonymous differences 211 was significantly greater than the rate of replacement polymorphisms versus synonymous 212 differences (Probability = 0.028) ( Table 3 ). In contrast, E1 and E2 didn't show a similar pattern 213 of evolution (Table 3 ). The MK test is generally robust to most demographic assumptions 214 (Aguileta et al. 2009; Eyre-Walker 2006) . The exception is that a rapid expansion in population 215 size can contribute to the fixation of slightly deleterious nonsynonymous mutations and thereby 216 lead to artifactual evidence of adaptive evolution (Eyre-Walker 2002) . A demographic factor 217 should have similar effects on the different regions of the viral genome. Therefore, the opposite 218 results of the MK test on the E rns , E1, and E2 suggested that the effect of a demographic factor, 219 such as population expansion, could be ruled out -that is, the significant deviation of MK test 220 from the neutral mutation hypothesis could be a consequence of adaptive selection on E rns . 221 We then repeated the method Gu-2006 in DIVERGE 3 to identify the potential type II 222 functional divergence-related sites in each envelope protein. Consistent with that of MK test, a D r a f t 12 considerable difference of physiochemical properties (e.g., charge, hydrophobic, etc.) between 229 the subgroups 2.1 and 2.3, while the majority of these sites were conserved within each of these 230 subgroups (Table S3 ). Furthermore, because the strains were collected globally over the past 231 several decades (Ji et al. 2014; Lowings et al. 1996) , the substitutions at these sites had most 232 likely occurred at the early stage of the subgroup split and maintained within these subgroups 233 rather than resulted from fixation of mutant strains within the subsequent evolution of the 234 subgroups. 235 Finally, we implemented the method Gu-99 to assess whether the major subgroups 2.1 and 2.3 236 of the envelope proteins underwent the type I functional divergence. For each protein, none of 237 the coefficient of type I functional divergence (θ I ) is larger than 0 with a significant probability 238 (Table 4 ). In addition, the site-specific posterior probability ratio suggested that no site has 239 experienced functional divergence (P ≥ 0.90). On the whole, the accumulated results suggested 240 that E rns had most likely experienced the type II, but not type I functional divergence with the 241 split of subgroups 2.1 and 2.3 from an ancestor. For E1 and E2, different statistical tests 242 indicated that no functional divergence took place with the division into these subgroups. Tamura, K., Peterson, D., Peterson, N., Stecher, G., Nei, M., and Kumar, S. 2011. MEGA5: 411 molecular evolutionary genetics analysis using maximum likelihood, evolutionary distance, and Topfer, A., Hoper, D., Blome, S., Beer, M., Beerenwinkel, N., Ruggli, N., and Leifer, I. 2013. 421 Sequencing approach to analyze the role of quasispecies for classical swine fever. Virology D r a f t Table S1 . The numbering of 463 groups and subgroups follows that of previous results (Postel et al. 2012 ) and see also Table S1 . 464 The tips are labeled with GenBank accession numbers. The bootstrap values below 90% are 465 not reported. Table S1 . The numbering of 469 groups and subgroups follows that of previous results (Postel et al. 2012 ) and see also Table S1 . 470 The tips are labeled with GenBank accession numbers. The bootstrap values below 90% are 471 not reported. Table S1 . The numbering of 475 groups and subgroups follows that of previous results (Postel et al. 2012 ) and see also Table S1 . 476 The tips are labeled with GenBank accession numbers. Table S1 . CSFV and BDV sequences used for this study.
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486 Table S2 . The amino acids at the Type-I divergence-related sites of group 1 and group 2 E1. 487   Table S3 . The amino acids at the Type-II divergence-related sites of subgroups 2.1 and 2.3 E rns . 
